We report a large amount of experimental data on the stress overshoot phenomenon which takes place during start-up shear flows in a simple yield stress fluid, namely a carbopol microgel. A combination of classical rheological measurements and ultrasonic velocimetry makes it possible to get physical insights on the transient dynamics of both the stress σ(t) and the velocity field across the gap of a rough cylindrical Couette cell during the start-up of shear under an applied shear ratė γ. (i) At small strains (γ < 1), σ(t) increases linearly and the microgel undergoes homogeneous deformation. (ii) At a time tm, the stress reaches a maximum value σm which corresponds to the failure of the microgel and to the nucleation of a thin lubrication layer at the moving wall. (iii) The microgel then experiences a strong elastic recoil and enters a regime of total wall slip while the stress slowly decreases. (iv) Total wall slip gives way to a transient shear-banding phenomenon, which occurs on timescales much longer than that of the stress overshoot and has been described elsewhere [Divoux et al., Phys. Rev. Lett., 2010, 104, 208301]. This whole sequence is very robust to concentration changes in the explored range (0.5 ≤ C ≤ 3% w/w). We further demonstrate that the maximum stress σm and the corresponding strain γm =γtm both depend on the applied shear rateγ and on the waiting time tw between preshear and shear start-up: they remain roughly constant as long asγ is smaller than some critical shear rateγw ∼ 1/tw and they increase as weak power laws ofγ forγ >γw. Finally, by changing the boundary conditions from rough to smooth, we show that there exists a critical shear rateγs fixed by the wall surface roughness below which slip at both walls allows for faster stress relaxation and for stress fluctuations strongly reminiscent of stick-slip. Interestingly, the value ofγs is observed to coincide with the shear rate below which the flow curve displays a kink attributed to wall slip.
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PACS numbers:
The transient response of complex materials to the application of an external shear deformation is of huge importance not only for the practical use of such materials but also during the processing stage. The archetypal experiment used for transient rheological characterization is a "start-up experiment" where a constant shear rateγ is applied from rest and the subsequent stress response is monitored until steady-state is reached. A host of widely different systems from soft and hard condensed matter have been reported to present a non-monotonic stress response during start-up experiments. Roughly, the stress σ versus time t first increases linearly, reaches a maximum value denoted σ m at a time t m and then decreases towards it steady-state value. This temporal sequence is usually referred to as a stress overshoot. It has been reported experimentally for both amorphous materials, such as amorphous polymers [1] [2] [3] and metallic glasses [4, 5] , and for soft glassy materials, namely emulsions [6] [7] [8] [9] , foams [10, 11] , microgels [12, 13] , both dry [14] and immersed [15] granular materials, organoclays nanocomposites [16] , and colloidal suspensions [17] [18] [19] [20] [21] . Numerical models of such systems, e.g. bidisperse Lennard-Jones glasses [22] [23] [24] , mesoscopic models of amorphous materials [25] [26] [27] (for a review, see also Ref. [28] ), models of soft glasses [19, [29] [30] [31] , brownian dynamics simulations of particulate gels [32] as well as molecular dynamics simulations [33, 34] and mode coupling theory [35] , also predict a stress overshoot.
The above materials are all yield stress materials, i.e. they share the property of turning from solidlike at rest and at low shear stresses to liquidlike above a characteristic shear stress known as the yield stress. Therefore, one may wonder whether the stress overshoot phenomenon is the hallmark of the existence of a yield stress and how it may be related to the shear-induced solid-toliquid transition. In fact, stress overshoots are also commonly found in viscoelastic fluids that do not present a yield stress, such as wormlike micelle solutions [36] [37] [38] [39] [40] [41] [42] , polymer melts [43, 44] , and entangled polymer solutions [45] [46] [47] [48] . In this latter case, a possible microscopic interpretation of the stress overshoot has been proposed by Wang et al., in which the polymers disentangle after the stress maximum, suggesting a "yieldlike" behaviour [45, [48] [49] [50] . Experiments based on combined rheology and velocimetry have unveiled the development of heterogeneous flows characterized by wall slip and shear bands after the stress maximum is reached [44, 47, 51] . Molecular imaging has provided even more insights into the interplay between wall slip and polymer stretching, disentangling, and recoil [48] . Moreover, recent numerical calculations of polymeric solutions have also shown that transient shear banding was involved during the stress overshoot [52, 53] .
The current state-of-the art is, however, much less clear in the case of materials with a yield stress. This is probably due both to the wide variety of the microstructures of these materials and to the lack of time-resolved local data on such systems during start-up experiments. Rheology alone only allows for a simple interpretation in which (i) the initial growth of the stress corresponds to elasticlike response, (ii) the stress maximum to yielding, and (iii) the stress decrease towards steady state to fluidlike response [17, 54] . This oversimplified view obviously lacks local, and ideally microscopic, support. Unfortunately, the issues raised by the existence of a yield stress [55, 56] are difficult enough that most previous local studies have dealt with characterizing the steady state, e.g. by asking whether the flow close to yielding is homogeneous or rather displays wall slip and/or shear banding depending on whether the material shows aging and thixotropy or not [57, 58] . To the best of our knowledge, only qualitative studies based on direct visualizations are available on the local behaviour of yield stress materials during the stress overshoot [18, 59, 60] . These studies have shown that the initial stage indeed corresponds to homogeneous elastic strain but that strong flow heterogeneity occurs after the stress overshoot in the form of wall slip or bulk fracture. To fully investigate the interplay between shear and microstructure in the short-time response of yield stress fluids, it is clear that more quantitative local measurements are required in the same spirit as for recent progress on entangled polymers.
In this article, we focus on the stress overshoot phenomenon in the case of a simple yield stress fluid (YSF) while keeping in mind that the present findings may well turn out to be shared by many other glassy systems with similar stress responses. We recall that simple YSF encompass wet foams, emulsions, and microgels [61, 62] . These materials are all characterized by a "jammed" microstructure constituted of soft, deformable elements (bubbles, droplets, and swollen microgel "particles" respectively) compressed together into an amorphous arrangement [63] . Although the rheological behaviour of simple YSF has generated a huge body of literature, very few thorough studies have been devoted to the stress overshoot phenomenon so far. Still understanding the short-time response is crucial to build a general picture of glassy systems under shear. In the case of foams, the stress overshoot has been reported to occur at a constant characteristic strain (γ m =γt m 1) and the stress maximum σ m was found to increase with the gas volume fraction, but the dependence of σ m with the imposed shear rate has not been investigated in detail [10] . Also, stress overshoots were observed in numerical simulations of foams [11, [64] [65] [66] [67] and clearly linked to plastic events ("T1" events) [68] but no systematic study of the overshoot characteristics has been conducted yet. As for emulsions, both attractive and repulsive systems display stress overshoots [6] [7] [8] [9] , but no systematic study has been conducted either. Finally, the overshoot data available on microgels are also scarce: a stress overshoot has been reported at high shear rates (γ 2 s −1 ) in carbopol 980 neutralized by TEA [12] (see details about the carbopol preparation below) as well as in hair gel solutions composed mainly of carbopol [13] for all imposed shear rates ranging from 2.10 −4 to 4.10
Here we report on an extensive series of start-up experiments performed in carbopol microgels (ETD 2050 neutralized with NaOH). The article is structured as follows. In Section 2, the sample preparation is described in detail. We review the current state-of-the-art on carbopol microgel properties and microstructure. We also describe the experimental techniques used in this study and provide a full rheological characterization of our carbopol samples. In particular, we show that the hollow glass spheres used to seed the microgel and to provide acoustic contrast for ultrasonic measurements have a negligible effect on the viscoelastic properties of carbopol microgels. Section 3 gathers the experimental results obtained for two different geometries. We first report a spatially and temporally resolved study of the stress overshoot in a cylindrical Couette cell, including velocity profiles before and after the stress maximum. We show that (i) at small strains (γ < 1), the microgel undergoes homogeneous deformation; (ii) the maximum stress σ m corresponds to the failure of the microgel and to the nucleation of a thin lubrication layer at the moving wall; (iii) the microgel then experiences a strong elastic recoil and enters a regime of total wall slip while the stress decreases. This whole sequence is very robust to concentration changes in the explored range (0.5 ≤ C ≤ 3% w/w). We then provide a full characterization of the stress overshoot in the plateand-plate geometry with respect to the shear rate, to the waiting time t w between preshear and shear start-up, to the carbopol concentration C, and to the boundary conditions (smooth vs rough). We find that the maximum stress σ m and the corresponding strain γ m =γt m both depend on the applied shear rateγ and on the waiting time t w : they remain roughly constant as long asγ is smaller than some critical shear rateγ w ∼ 1/t w and they increase as weak power laws ofγ forγ >γ w . Moreover, all the σ m vsγ data obtained with rough boundary conditions are shown to collapse well onto a single master curve if one considers σ m /G 0 vsγt w , where G 0 is the elastic modulus of the microgel. Finally, changing the boundary conditions from rough to smooth leads to important changes in this general scenario: forγ lower than some critical shear rateγ s fixed by the value of the wall surface roughness, slip at both walls allows for faster stress relaxation and stress fluctuations strongly reminiscent of stick-slip appear, whereas forγ >γ s , the stress evolution is very similar to the one described for rough boundary conditions. 
FIG. 1: Elastic modulus G
′ as a function of time t after preshear at 1000 s −1 for 1 min and at -1000 s −1 for 1 min. The oscillation frequency is 1 Hz and the imposed strain amplitude is γ = 1 %. The dashed line indicates the waiting time tw = 180 s used in the present work (except in Section II D where tw is varied). Inset: same data in semilogarithmic scales. The grey line is the best logarithmic fit for t > 10 s. Experiment performed on a pure carbopol microgel at 1 % w/w in a plate-and-plate geometry of gap e = 1 mm under rough boundary conditions (sand paper of roughness 46 µm).
I. EXPERIMENTAL A. Sample preparation
Our working system is made of carbopol ETD 2050 dispersed in water and neutralized using sodium hydroxyde (NaOH). Carbopol ETD 2050 comprises homo-and copolymers of acrylic acid that are highly crosslinked with a polyalkenyl polyether [69] . Above a certain amount of carbopol in the dispersion, the system is made of an assembly of soft jammed swollen polymer "particles," whose size ranges roughly from a few microns to 20 µm [70] [71] [72] [73] . Such a microstructure is known as a microgel [70] .
Carbopol microgels were shown to be non-aging, nonthixotropic simple YSF [13, 56, 74, 75] and to exhibit good temperature stability [12] . Their steady-state flow curve is well described by the Herschel-Bulkley constitutive equation [56, 74, 75] . We also emphasize that the microgel macroscopic properties depend on the details of the preparation protocol. Indeed, the microgel preparation traditionally involves two steps: (i) the polymer is dispersed in water at pH< 7 leading to a liquidlike suspension of carbopol aggregates and (ii) a neutralizing agent [most often NaOH or triethanolamine (TEA)] is added, which induces polymer swelling and microgel formation. During the second preparation step, the way the base is added (drop by drop or all at once) as well as the final value of the pH were reported to influence the rheological properties of the resulting microgels [73, 76] . Moreover, it was found that the stirring speed during the neutralization process also influences the particle size distribution and thus the properties of the microgel [77] . Therefore, if one wishes to compare quantitative results obtained in different geometries, with different experimental protocols, or under different boundary conditions, the experiments must be performed on the same batch of carbopol so that the chemistry and the influence of the microgel preparation are not at stake. We shall pay attention to this issue throughout the present paper.
For our study, two kinds of samples are prepared: (i) traditional samples as described above, referred to as "pure" samples, and (ii) samples seeded with micronsized hollow glass spheres at 0.5 % w/w (Potters, Sphericel, mean diameter 6 µm, density 1.1), referred to as "seeded" samples. These hollow glass spheres act as acoustic contrast agents for ultrasonic speckle velocimetry (USV, see details below). We shall show that seeded samples exhibit very similar rheological properties as pure samples and that the addition of hollow glass spheres does not affect the properties of the stress overshoot.
The detailed preparation protocol for a seeded sample is as follows. We first suspend 0.5 % w/w of hollow glass spheres in ultrapure water; pH increases roughly from 7 to 8. Since carbopol is hydrosoluble only for pH< 7, we add one or two drops of concentrated acid in order to make the pH drop to about 5. The glass sphere suspension is then heated at 50
• C and the carbopol powder is carefully dispersed under magnetic stirring at 300 rpm for 40 min, at a weight fraction C ranging from 0.5 to 3 % w/w. The mixture is then left at rest at room temperature for another 30 min, after which pH ≃ 3. Finally, we neutralize the solution by adding NaOH (at a concentration of 10 mol.L −1 ) drop by drop until pH = 7.0 ± 0.5 under vigorous manual stirring. This leads to a carbopol microgel which is finally centrifuged for 10 min at 2500 rpm to get rid of trapped bubbles. For a pure sample, the preparation protocol starts directly by adding the carbopol powder into a heated volume of ultrapure water and continues as explained above. In the following, we present results obtained on different batches of pure samples at carbopol concentrations C = 0.5, 1, 2 and 3 % w/w and seeded samples at a carbopol concentration C = 1 % w/w.
B. Experimental setups and protocol

Rheological setup
. Rheological measurements are performed using a stress-controlled rheometer (Anton Paar, MCR 301) in two different shearing geometries: a cylindrical Couette geometry (rotating inner cylinder radius 23.5 mm, gap width e = 1.1 mm, and height 28 mm) and a plate-andplate geometry (radius 21 mm, gap width e = 1 mm). In both cases, sand paper was glued on both shearing surfaces to provide a roughness of 60 µm (resp. 46 µm) in the case of the Couette (resp. plate-and-plate) geometry. Such a roughness was chosen to be of the order of the microstructure size in order to minimize wall slip The imposed strain amplitude is γ = 1 %. For all concentrations, the elastic modulus increases very weakly with the frequency while the viscous modulus increases as a power law of the frequency for ω 1 rad.s −1 . The whole data set was obtained in a plate-and-plate geometry of gap e = 1 mm under rough boundary conditions (sand paper of roughness 46 µm). [78, 79] .
In Section II F below, we shall explore the influence of boundary conditions by changing the surface roughness. In the Couette geometry, polished Plexiglas surfaces (rotating inner cylinder radius 24 mm, gap width e = 1 mm, and height 28 mm), referred to as "smooth" Plexiglas walls, will be used to provide a surface roughness of δ ≃ 15 nm as measured from atomic force microscopy (AFM). In the plate-and-plate geometry, a set of plates made of glass (δ ≃ 6 nm from AFM), roughened Plexiglas (δ ≃ 1 µm from AFM), and different glued sand papers will allow us to vary the surface roughness more finely. In all cases, the working temperature is 25
• C.
Local velocity measurements
. Velocity profiles across the gap of the Couette cell are recorded in seeded samples simultaneously to the global rheological data through ultrasonic speckle velocimetry (USV) as described by Manneville et al. [80] .
In short, USV relies on the analysis of ultrasonic speckle signals that result from the interferences of the backscattered echoes of successive incident pulses of central frequency 36 MHz generated by a highfrequency piezo-polymer transducer (Panametrics PI50-2) connected to a broadband pulser-receiver (Panametrics 5900PR with 200 MHz bandwidth). The speckle signals are sent to a high-speed digitizer (Acqiris DP235 with 500 MHz sampling frequency) and stored on a PC for post-processing using a cross-correlation algorithm that yields the local displacement from one pulse to another as a function of the radial position across the gap with a spatial resolution of 40 µm. After a calibration step using a Newtonian fluid, tangential velocity profiles are then obtained by averaging over 10 to 1000 successive cross-correlations depending on the desired temporal resolution. Full technical details about USV may be found in Ref. [80] .
Here, the sample velocity field is measured at about 15 mm from the cell bottom. As already mentioned above, since pure carbopol microgels are transparent to ultrasound, we consider samples seeded with 0.5 % w/w hollow glass spheres that provide acoustic contrast. The time needed to record a single velocity profile is inversely proportional to the applied shear rate. It is set to 1 s (10 s resp.) for the data shown in Fig. 4 (in Fig. 13 resp.).
Experimental protocol
. To ensure that the strain accumulated during loading into the cell has no influence, the sample is systematically presheared for 1 min at 1000 s −1 and for 1 min at -1000 s −1 before any measurement. We then check that a reproducible initial state is reached by measuring the viscoelastic moduli at ω = 1 Hz under a small oscillatory strain of amplitude γ = 1 %. Figure 1 shows that G ′ (t) first increases steeply for t 10 s and then follows a slow logarithmic growth. Such a logarithmic recovery of G ′ after preshear indicates a very slow consolidation of the microgel over time as observed in stabilized suspensions of silica particles [19] and polyelectrolyte microgels [81] . In any case, G ′ no longer varies significantly after 3 min. Therefore, in our experiments below, we first define the elastic modulus G 0 of the microgel prior to each experiment as G 0 = G ′ (ω = 1 Hz) measured 2 min after preshear. Next, the sample is left at rest for one more minute before starting the experiment so that the total waiting time between the end of preshear and the start of the actual measurement is t w = 180 s. This waiting time will be varied in Section II D only, where we shall investigate the effect of t w on the stress overshoot phenomenon.
We also carefully checked that imposing +γ or −γ after the preshear yields exactly the same stress response. Thus, we do not see any dependence on the rotation direction during preshear contrary to the observations by Mahaut et al. on a carbopol 980 microgel [20] (see Fig. 4 of this reference). In our protocol, the total strain imposed to the microgel prior to each experiment γ = 120, 000 is much larger than the one imposed by Mahaut et al., γ = 600, which may have been insufficient to fully erase the loading history.
II. RESULTS
A. Linear rheology
In order to probe the viscoelastic properties of our samples, we first perform decreasing frequency sweeps under strain oscillations of small amplitude in the linear range (γ = 1 %). As shown in Fig. 2 , the elastic modulus G ′ at low frequency is always more than 10 times larger than the loss modulus G ′′ for all concentrations. G ′ is found to increase very weakly with the frequency ω whereas G ′′ presents two different regimes: G ′′ remains constant at frequencies lower than ≃ 1 rad.s −1 and increases as a power law, Table I gathers the elastic modulus G 0 averaged over ω = 0.01-1 rad.s −1 as well as the values of the exponent ξ for the different samples. G 0 is observed to be roughly proportional to the carbopol concentration while ξ slightly decreases with C. Note that all these results are in agreement with previous work on microgels made of carbopol 940 [82] and 941 [70] .
Furthermore, the influence of the hollow glass spheres is tested on the 1 % w/w microgel in Fig. 2(b) : both the elastic and the viscous moduli collapse on the same curves to within about 20 % (see also Table I ). Such a dispersion is of the same order as that observed from batch to batch for 1 % w/w microgels due to the sensitivity on the preparation protocol as explained in Section I A above. We conclude that linear rheological properties are not significantly altered by the presence of the acoustic , where G0 = 143.5 Pa is the elastic modulus of the pure microgel measured independently prior to shear start-up (see Section I B 3). The stress reaches its maximum σm at a time tm before slowly decreasing towards its steadystate value. Both data sets were obtained in a plate-and-plate geometry of gap e = 1 mm under rough boundary conditions (sand paper of roughness 46 µm).
TABLE I: Characteristic properties of our various carbopol microgels extracted from the data in Fig. 2 . The elastic modulus G0 is computed as an average of G ′ (ω) over ω = 0.01-1 rad.s −1 and is given together with the corresponding standard deviation. The exponent ξ of the viscous modulus is extracted from the best power-law fit G ′′ (ω) ∝ ω ξ for ω 1 Hz.
contrast agents used for USV. The linear viscoelasticity shown in Fig. 2 is strongly reminiscent of other simple YSF, such as wet foams [83, 84] and emulsions [85] [86] [87] which present the exact same trends: an elastic modulus that is roughly independent of the frequency and a power-law behaviour for G larger than G ′′ is interpreted in both systems as the signature of a gel-like or jammed structure. On the other hand, the power-law increase of G ′′ is linked to collective motions and interpreted as the slip of weak planes: at high frequencies, the material is more likely to involve the slip of large regions than to deform under applied strain. An elastic approach under this assumptions indeed predicts the observed scaling law [88] . Finally, the absence of any noticeable downturn of G ′′ towards linear behaviour at low frequencies points to very slow relaxation modes typical of soft glassy materials [86, 89] .
B. Stress overshoot during start-up experiments:
typical stress response and velocity profiles
Start-up experiments go as follows: a constant shear rateγ is imposed at time t = 0 and the shear stress response σ(t) is monitored for at least three strain units. Figures 3 and 4(a) show σ(t) measured on pure and seeded microgels at a carbopol concentration of 1 % w/w in rough plate-and-plate and Couette geometries. These stress responses are typical of all our carbopol samples under rough boundary conditions. They are characterized by an overshoot in that σ(t) first increases linearly with time before passing through a maximum and finally decreasing to a steady-state value. As shown by the red lines in Figs. 3 and 4(a) , the initial linear growth of the stress is given by σ(t) = G 0γ t, where G 0 is the elastic modulus of the microgel. This first regime suggests that the microgel undergoes a purely elastic deformation at short times. At a time t = t m , σ(t) reaches a maximum value σ m which is sometimes referred to in the literature as the dynamic [23, 34] or as the static yield stress [10] of the material. To avoid any confusion, we will simply call σ m the maximum shear stress. In the final relaxation stage, σ(t) slowly decreases towards its steady-state value. In a previous work [75] , we have shown that three strain units are far from sufficient to reach steady-state. In fact, following the short-time stress overshoot, the long-time relaxation involves the nucleation and growth of a transient shear band that progressively fluidizes the whole sample. The fluidization time τ f follows a nontrivial scaling law with the applied shear rate, τ f ∼γ −α with α = 2-3, so that it can take more than γ = 10 4 strain units to reach steady state at low shear rates (see Fig. 2 in Divoux et al. [75] for a typical long-time stress relaxation). Here, we only focus on the stress overshoot but one should keep in mind that the state reached after a strain γ ∼ 3 does not correspond to steady state.
In order to get better insight on the bulk dynamics during the stress overshoot, we measure simultaneously the stress response and velocity profiles using USV on a seeded carbopol microgel at 1 % w/w in a rough Couette geometry of gap e = 1.1 mm. As shown in Fig. 4 forγ = 0.1 s −1 , the velocity profile is linear during the initial growth of the stress [ Fig. 4(a) ]. Up to experimental uncertainty, the sample velocity reaches the rotor velocity at r = 0. This means that the whole sample is homogeneously strained without significant wall slip. Around the stress maximum, the microgel is seen to break at the rotor [ Fig. 4(b) ], which leads to a large elastic recoil [ Fig. 4(c) ] and several damped oscillations of the bulk material [ Fig. 4(d)-(f) ] at the start of the stress relaxation phase. This observation allows us to call the time t m at which the stress maximum is reached the failure time and the corresponding strain γ m =γt m , the failure strain. The microgel then enters a regime of total wall slip [ Fig. 4 (g)-(h)]: the local shear rate effectively felt by the microgel is vanishingly small and the velocity within the sample fluctuates around 0. In other words, the shear rate applied by the rheometer is fully absorbed at the rotor by a lubrication layer whose size is smaller than the USV spatial resolution of 40 µm. As recalled above, total wall slip is not the steady state. As shown in the inset of Fig. 5(b) , it rather gives way to a transient shear band that nucleates at the rotor from the lubrication layer and slowly grows as the strain increases [75] . Figure 5 further highlights our temporally-resolved velocity measurements by focusing on the velocity measured at r = 50 µm from the rotor as a function of the strain γ =γt for various applied shear rates. Comparing Fig. 5(a) to Fig. 4(top) , we observe that, at small strains, the velocity starts to decrease before the stress reaches its maximum σ m . Indeed, σ m is reached for a strain γ m ≃ 0.9 while v(r = 50 µm) decreases from about 0.8 v 0 to 0.5 v 0 when γ increases from 0.1 to 0.9. Thus the initial increase of σ(t) does not correspond to a purely elastic deformation and plasticity has to occur, which prepares the failure of the microgel at the rotor. This is confirmed by a closer inspection of the stress response: it can be seen on Fig. 4 (top) that σ(t) nicely coincides with G 0γ t only for t < 1 s (i.e. γ < 0.1) and that σ(t) lies slightly but significantly below the purely elastic response at larger strains. We conclude that the regime that precedes the microgel failure is elasto-plastic rather than purely elas- Fig. 5(a) ] advocates for a scenario where the failure of the microgel at the wall originates from the accumulation of a large enough amount of plastic events. Note that under imposed stress and rough boundary conditions, we have shown that the shear rate follows the Andrade's creep scaling law,γ(t) ∝ t −2/3 , a behaviour which is also characteristic of plastic deformation [90] . Figure 5(b) shows that for larger strains, the velocity close to the rotor slowly increases with time. This increase actually corresponds to the long-time nucleation and growth of a shear band already reported elsewhere [75] . Although not under scrutiny in the present paper, the early stages of this transient shear-banding regime are shown in the inset of Fig. 5(b) 
C. Influence of the shear rate
The above start-up experiments on a seeded carbopol microgel at 1 % w/w in a rough Couette cell were repeated for various applied shear ratesγ ranging from 10 −4 to 10 s −1 . The corresponding normalized stress responses σ(t)/σ m are shown as a function of the strain γ in Fig. 6(a) . While the stress responses all coincide foṙ γ 0.05 s −1 , the failure strain clearly shifts to values larger than 1 for larger shear rates. Since at high shear rates large overshoots are reached within a rather short time (see, e.g.γ = 10 s −1 in Fig. 3) , it is important to check that the feedback loop of our stress-controlled rheometer ensures that the desired shear rate is effectively reached without significant perturbation due to the stress overshoot. Such a test is performed in Fig. 6(b) by considering the relative difference δ(t) between the actual shear rateγ(t) imposed to the sample by the rheometer and the commanded shear rateγ imp . In all cases, δ(t) remains smaller than 1 % so that we can exclude any artifact due to using a stress-controlled rheometer in the shear-rate controlled mode.
The evolutions of the failure strain γ m and the maximum shear stress σ m withγ are reported in Fig. 7(a) and (b) respectively. Both quantities present two different regimes when plotted in logarithmic scales: foṙ γ <γ w ≃ 10 −2 s −1 , γ m and σ m remain roughly constant and independent of the applied shear rate whereas foṙ γ >γ w , they increases as weak power laws of the shear rate with similar exponents (0.12 and 0.13 respectively). It is checked in Fig. 7 (c) that a logarithmic growth of σ m withγ does not provide as good a description of the experimental data as a power law: when plotted using semilogarithmic scales, the σ m vsγ data show a clear upward curvature and the linear fit overγ >γ w (shown in red) is not as accurate as the power-law fit (shown in grey). The reason for this discussion is that the overshoot data reported for bidisperse Lennard-Jones mixtures have been analyzed in terms of a logarithmic law based on the Ree-Eyring's viscosity theory [23, 24] ,
, where σ 0 is some constant shear stress, v ⋆ is the volume of a region involved in an elementary shear motion (called "hopping" motion), and ν 0 is the attempt frequency of hopping. On the other hand, both a fluidity model [19] and Brownian dynamics simulations of particle gel [32] have reported power-law behaviours of σ m vsγ with an exponent ν ≃ 0.5. Experiments on stabilized suspensions of silica particles [19] and very recent experiments on attractive colloids [21] have also unveiled power laws with exponents ν ≃ 0.27 and ν ≃ 0.5 respectively. Here we report even smaller values of ν down to 0.13. As discussed below in Section III, the reason for such a variety of exponents remains unclear and stands out as an open question. The existence of the critical shear rateγ w separating the two different regimes is addressed in detail in the following section.
D. Influence of the protocol
In this section, we investigate the influence of the experimental protocol on the stress overshoot and, more specifically, the influence of the waiting time t w between the preshear and the start of the experiment (see Section I B). To this aim, we performed start-up experiments for various applied shear rates and for different waiting times. Figure 8 (a) gathers the σ m vsγ data obtained on a pure 1 % w/w sample in a rough plateand-plate geometry for t w = 3, 10, 60, and 180 s. As already observed in Fig. 7(b) , one can define a critical shear rateγ w below which the maximum shear stress is constant (or decreases very slowly withγ for the smallest waiting times, a feature that will be further discussed in Section III) and above which it increases as a power law of the shear rate. Table II gathers the parameters of the best power-law fits obtained on the data of Fig. 8(a) . In the power-law regime, σ m increases with the waiting time while forγ <γ w the data are undistinguishable. In view of the error bars, the overall slight decrease of the exponent from 0.2-0.22 at small t w to 0.16 for t w = 180 s is believed to be insignificant. However, the critical shear rateγ w clearly decreases as t w increases: as shown in the inset of Fig. 8(a) , one hasγ w = 2.1/t w . We conclude that the value ofγ w is fixed by the waiting time t w between the preshear and the start of the experiment. Incidentally, it is also worth noticing that the σ m data shown here for t w = 180 s and a plate-and-plate geometry is quantitatively close to the σ m data measured in a Couette cell and shown in Fig. 7(b) , so that the geometry has little influence on the stress overshoot phenomenon.
The similar power laws obtained for the various waiting times and the observed dependence ofγ w vs t w suggest that plotting the data as a function ofγt w should lead to a universal behaviour. Such a rescaling is shown to collapse all the σ m data as long as one considers the maximum shear stress normalized by the elastic modulus G 0 of the microgel [see Fig. 8(b) ]. For t w ≥ 60 s, the values of G 0 used in Fig. 8 Fig. 8(a) : average G0 of the elastic moduli G0 = G ′ (ω = 1 Hz) measured prior to each experiment for tw ≥ 60 s (together with the corresponding standard deviation), the critical shear rateγw, the prefactor A, and the exponent ν of the best power-law fit σm = Aγ ν for ≥γw. Table II for t w ≤ 10 s and indicated by an asterisk were extrapolated from independent time-resolved measurements similar to those of Fig. 1 .
experiment. The values reported in
The main result of this section is the scaling of the critical shear rateγ w as 1/t w . A very similar phenomenology of the influence of t w on the maximum shear stress has already been reported for binary Lennard-Jones glasses [23] . Such crossover was associated with shearing the system faster than its structural relaxation, the waiting time t w being comparable to the time for a particle to escape from local cages. 
E. Influence of the microgel concentration
The stress overshoot phenomenon depicted above for 1 % w/w carbopol microgels is very robust to a concentration change. Here, we vary the carbopol weight fraction from 0.5 to 3 % w/w for a given waiting time t w = 180 s. As seen in Fig. 9(a) , the behaviour of the stress maximum σ m remains unchanged: increasing the microgel concentration shifts the value of the stress overshoot toward higher values but the shape of the curve σ m (γ) remains the same. In particular, as reported in Table III , the exponent of the power law does not depend significantly on the concentration similarly to what is observed for attractive colloids [21] , and the shear rateγ w that characterizes the crossover to power-law behaviour is also independent of C.
We found that the data in Fig. 9 (a) could be collapsed onto a single curve for C ≥ 1 % w/w by normalizing σ m by G 0 γ m [see Fig. 9(b) ]. Note that if we use G 0 to normalize the stress maximum as in Fig. 8 (a) the collapse is not as good. The fact that the data set for C = 0.5 % w/w lies slightly below the other curves in Fig. 9 (b) also hints at a more subtle influence of the concentration than a simple linear scaling with the elastic properties of the microgel. A more thorough study including local velocity measurements on seeded samples as well as microscopic visualization of the microgel deformation at various concentrations will be undertaken to clarify this point.
F. Influence of the boundary conditions
Slip effects are well known in the soft matter literature to have a strong impact on rheological measurements [91, 92] . Until now, we have focused on rough boundary conditions obtained by gluing sand paper directly to the shearing tools. The large roughness of the walls (δ = 46 or 64 µm) was supposed to suppress wall slip. Yet, the local velocity measurements of Section II B have revealed a scenario in which the stress overshoot geometry corresponds to failure of the microgel at the moving wall followed by total wall slip. In this section, we address the issue of whether or not the stress overshoot phenomenon is sensitive to boundary conditions. We first present and analyze global stress overshoot data obtained in three plate-and-plate cells of three different roughnesses and then investigate in detail the local behaviour of a seeded 1 % w/w carbopol microgel in a smooth Plexiglas Couette cell.
Influence of the wall roughness on global rheology.
The overshoot phenomenon persists as the wall roughness is varied from rough to smooth so that one can still infer the global characteristics t m , γ m , and σ m of the overshoot as presented so far. Figure 10 gathers such an analysis for overshoots recorded in plate-and-plate cells of gap 1 mm with three different wall roughnesses: δ = 6 nm obtained with glass plates, δ = 1 µm obtained with roughened Plexiglas, and δ = 46 µm obtained with Fig. 9(a) : average G0 of the elastic moduli G0 = G ′ (ω = 1 Hz) measured prior to each experiment and average γ m of the failure strains taken over all the shear rates (together with the corresponding standard deviations), the prefactor A and the exponent ν of the best power-law fit σm = Aγ ν for ≥γw. sand paper. Even though the general trends reported above for rough boundary conditions are conserved, these data reveal significant effects of the wall roughness. At high shear rates, all data sets strikingly converge toward the case of rough boundary conditions. On the other hand, at low shear rates, smoother boundaries lead to much shorter failure times, and correspondingly to much smaller failure strains and maximum stresses. The shear rate at which the smoother cases are seen to roughly coincide with the rough case is notedγ s and is found to beγ s ≃ 0.02 s −1 for δ = 1 µm andγ s ≃ 0.2 s −1 for δ = 6 nm [see dashed lines in Fig. 10(a) and (b) ]. Moreover, although the t m and γ m data for smooth and rough for various boundary conditions: smooth glass plates (red), roughened Plexiglas (orange), and glued sand paper (black). Same experimental conditions as in Fig. 10 .
walls indeed become undistinguishable up to experimental uncertainty forγ >γ s , this is not truly the case for the stress maximum. σ m rather depends slightly on the boundary conditions even at the highest shear rates [see Fig. 10(c) ]. Still, from the present data, it is not clear whether this dependence arises from that of the exponent of the power law that characterizes σ m or from its prefactor. The rather large difference between the exponents 0.17 and 0.26 of the power laws, obtained respectively by fitting the rough data [black circles in Fig. 10(c) ] and the smooth data in Couette geometry [where a larger range of shear rates was accessible, see Fig. 12(a) ] suggest that boundary conditions do have an impact on σ m whatever the applied shear rate. In order to get a deeper insight on the stress overshoot with smooth boundary conditions, Fig. 11(a) focuses on three stress responses normalized by the maximum stress and plotted against the strain. It clearly appears that, while the stress response forγ = 1 s −1 >γ s closely resembles that observed with rough boundary conditions see [ Fig. 4(top) ], stress responses forγ <γ s ≃ 0.2 s γ s , the stress maximum is reached at a strain of about 0.4, i.e. well below 1. Moreover, after the maximum, the stress remains close to σ m and even increases at large strains. 
Forγ = 3.10
−3 s −1 , the shape of σ(t) is even more complex with a global maximum reached at γ m ≃ 0.25 and several secondary maxima. We conclude that the characteristic shear rateγ s separates two regimes where the stress responses are qualitatively different for low surface roughnesses: aboveγ s , a simple stress overshoot is observed as for rough boundary conditions whereas beloẇ γ s , more complex stress responses are recorded.
Since complex phenomena seem to be at play at low shear rates, we compare the stress responses σ(t) under three different boundary conditions at the same shear rateγ = 5.10 −4 s −1 in Fig. 11(b) . As already noted above, the failure strains are seen to decrease with decreasing roughness. Moreover, the stress response turns from smooth with rough walls to more erratic and fluctuating with smooth walls. This confirms the strong influence of boundary conditions on the failure scenario foṙ γ <γ s . Finally, the fluctuations observed with glass plates are reminiscent of stick-slip events [60] . A full investigation of the local behaviour of the microgel in this very low shear regime will be the subject of a future study.
Velocity profiles in a smooth Couette cell.
As shown above, stress overshoots with smooth walls and at small shear rates (γ <γ s ) strongly differ from those observed with rough walls. Therefore, to elucidate the failure mechanism and the origin of this difference, we turn to USV measurements in a polished Plexiglas Couette cell. Global characteristics of the corresponding stress overshoots are gathered in Fig. 12(a) and (b) . The same features as those already mentioned for the smooth plate-and-plate cell are observed, in particular the powerlaw regime of σ m with an exponent of 0.26 and the abrupt crossover atγ s ≃ 0.2 s −1 between two decreasing branches in t m . Additionally, the steady-state flow curve σ vsγ of the microgel is drawn in Fig. 12(c) . As reported in previous works [59, 75, 78, 79] , the flow curve deviates from the Herschel-Bulkley model at low shear rates. This behaviour is usually interpreted as the consequence of wall slip: in smooth cells and close to the yield stress of the material, rheological measurements are impaired by slippage at the wall, thus probing the rheology of lubrication layers rather than bulk properties. Here, it is quite remarkable that the characteristic shear rateγ s inferred from transient overshoot data corresponds to the shear rate below which the flow curve shows a significant effect of wall slip. Figure 13 shows the analysis of a typical stress overshoot forγ = 0.01 s −1 <γ s using the same approach as in Fig. 4 . As for rough boundary conditions, the initial growth of the stress corresponds to homogeneous strain [ Fig. 13(a) ] and the stress maximum also corresponds to failure at the rotor [ Fig. 13(b) ]. However, in the case of smooth boundary conditions, the failure of the microgel is followed by an elastic recoil that does not involve any subsequent temporal oscillations of the velocity field. Rather, the velocity immediately vanishes everywhere across the gap [ Fig. 13(c)-(d) ]. No motion is detected until t ≃ 290 s: at that time, slippage changes from the rotor side to the stator side within a few 10 s so that the velocity reaches the rotor velocity v 0 everywhere across the gap [ Fig. 13(e)-(f) ]. Finally, the velocity of this pluglike flow slowly decays to reach v ≃ v 0 /2 at later times [ Fig. 13(g)-(h) ]. As for rough boundary conditions, we recall that, at least forγ >γ s , such a pluglike flow later evolves toward a homogeneous flow through transient shear banding on much longer timescales [75] . Therefore, although data on long enough timescales are not yet available for such a low shear rate as 0.01 s −1 , it is most likely that the pluglike flow of Fig. 13(h) does not represent the steady-state behaviour of the microgel.
The velocity of the microgel close to the rotor is shown as a function of strain in Fig. 14 (black line and symbols) together with velocity data from two other shear rates belowγ s . The inset of Fig. 14 clearly demonstrates that the microgel failure occurs at the same strain γ m ≃ 0.5 whatever the shear rate and is followed by a very strong recoil without any velocity oscillation [compare with inset of Fig. 5(a) ]. At large strains γ 10, all velocity signals are seen to converge toward v ≃ v 0 /2, indicative of a pluglike flow with the same amount of wall slip at both walls. However, the transition from no-flow to pluglike flow at v 0 /2 does not follow the same process for the three shear rates shown in Fig. 14 : forγ = 0.03 s −1 , the velocity goes directly from 0 to v 0 /2 at γ ≃ 1.5 whereas for the two other shear rates, wall slip at the rotor first totally disappears (so that v = v 0 ) before slowly increasing again (so that v slowly decreases toward v ≃ v 0 /2). Since we could not extract any clear correlation between the time evolution of these pluglike velocity profiles and the stress response σ(t), we suggest that the behaviour of the microgel in smooth cells may also be heterogeneous in the vorticity direction as already observed in thixotropic laponite suspensions [93] . Once again, this regime will be the subject of a more detailed forthcoming work.
III. DISCUSSION AND OPEN QUESTIONS
A. Aging and the stress overshoot Let us first come back to the evolution of the stress maximum σ m with the applied shear rate. Figure 8 shows that forγ <γ w σ m remains constant or decreases with the shear rate while it increases as a weak power law forγ >γ w . In fact, the decrease of σ m at low shear rate strongly depends on the value of the waiting time t w . For a given small value of t w , say t w 60 s, the elastic modulus G ′ still significantly increases when shear is applied (see Fig. 1 ). Thus, a strong interplay between the consolidation of the gel and the shear-induced fluidization is expected: the lower the applied shear rate, the larger the influence of the consolidation, leading to higher values of the stress maximum. This qualitatively explains the decrease of σ m withγ. This decreasing trend disappears if shear is applied to an "older" microgel (i.e. for higher values of t w ): in this case [see Fig. 7(b-c) ], the slow logarithmic growth of G ′ indicates that the consolidation of the gel becomes negligible and should not play any role on the stress maximum which is thus independent of the applied shear rate. In other words, for large enough waiting times t w , whenγ <γ w , the microgel behaves as a non-aging viscoelastic fluid which has "forgotten" its past preshear history. Forγ >γ w , the growth of both σ m and γ m withγ indicates that the number of plastic events during the initial load is not independent ofγ but rather decreases withγ. As a consequence, the material gets effectively stiffer witḣ γ and yielding is achieved at larger strains and stresses [19, 23] . This trend is observed for both rough [ Fig. 7(a) ] and smooth boundary conditions [ Fig. 12(a) ] which confirms that this phenomenon is an intrinsic property of the fluid.
Interestingly, our results also show that for short waiting times t w , a simple YSF may exhibit effects typical of aging, which is usually taken as the hallmark of thixotropic YSF. Therefore, the boundary between the two categories of YSF recalled in the introduction, i.e. simple and thixotropic YSF, is not as sharp as described in Refs. [57, 61, 62] . Although probably valid in steady state, such a distinction becomes less relevant when transient regimes are considered since the additional timescaleγ −1 set by the imposed shear rate has to be taken into account. In practice, this raises the question of how to decide when a "transient" has died out and steady state is reached, which is particularly crucial for slow flows close to the yield stress.
B. Comparison with viscoelastic fluids
Having emphasized the key role of both intrinsic timescales of the material and flow timescales in the dependence of the stress maximum with the imposed shear rate, one may wonder if the physical origin of the stress overshoot in YSF is the same as for viscoelastic fluids which do not present any yield stress such as wormlike micelle solutions, polymer melts, or entangled polymer solutions. In this last class of materials, a stress overshoot is usually observed only for shear rates larger than the inverse of the typical viscoelastic time of the microscopic constituents [36, 43] . However, here, stress overshoots in carbopol microgels are observed down to the smallest achievable shear rate of 10 −4 s −1 . We can further point out two other important differences.
First, recent numerical work based on an elasto-plastic model built to describe foam rheology clearly showed that in the limit of low but finite yield strain, the stress overshoot disappears [11] . Such a result suggests that the existence of a stress overshoot in YSF is utterly related to the value of the yield stress. Second, a hallmark of stress overshoots in viscoelastic materials is the existence of a transient shear-banding phenomenon that occurs as soon as σ m is reached and persists when during the stress decrease. Such shear-banded flows concomittant with the stress overshoot have been observed in entangled polymer solutions [47, 51] , linear polymer melts [44] , and wormlike micelle solutions [37, 39] . They have also been recently predicted using the diffusive Rolie-Poly model [53] . In the case of carbopol microgels, the stress overshoot is followed by total wall slip and no shear banding is observed during the stress decrease at least for strains smaller than 10 (see Figs. 4 and 14) . On much longer timescales, however, we indeed observe transient shear banding, as shown in Ref. [75] and in Fig. 5(b) , leading to a homogeneous flow in steady state.
The only way to reconcile the two transient shearbanding phenomena would be to interpret the lubricating layers involved in slip flows as very thin shear bands smaller than the USV resolution and composed of fluidized carbopol [79] . However, if one assumes the width of the shear band to coincide with the USV resolution of 40 µm and based on the data of Fig. 4 , one can estimate the local shear rate close to the rotor as ∼ 2.5 10 3 s −1 . With a shear stress of ∼ 40 Pa, this corresponds to a local viscosity of 16 mPa.s within the shear band, which is more than four orders of magnitude smaller than the viscosity of fluidized carbopol (∼ 400 Pa.s here). Therefore, the layer close to the rotor cannot be interpreted as a very thin shear band. It is rather a true lubricating layer composed mostly of water, much thinner than 40 µm and possibly containing a few free carbopol particles. We conclude that in the case of our simple YSF, the stress overshoot is not directly related to shear banding as in viscoelastic fluids. The stress overshoot rather corresponds to failure at the wall. As seen in other soft matter systems [93, 94] , wall slip appears an alternative to shear banding for releasing stress in the bulk material. On longer timescales, we speculate that the highly-sheared lubrication layer progressively erodes the neighboring microgel through viscous friction. This leads to the slow growth of a fluidized region from the rotor, i.e. to the coexistence of two shear bands most probably presenting two different microstructures (two different levels of entanglement and/or volume fractions) of the soft spheres. Such a scenario could also explain why shear banding develops on timescales that can be orders of magnitude longer than that of the stress overshoot.
To conclude, the above major discrepancies between YSF and viscoelastic fluids suggest that the origin of the stress overshoot is different in the two cases. Some clues may eventually be found in the recent numerical calculations by Moorcroft et al. [31] who compared predictions of a fluidity model to a modified version of the soft glassy rheology (SGR) model [29, 89] . While the fluidity model predicts shear-banded velocity profiles right after the stress overshoot and is probably not relevant to our experimental results, the modified SGR is able to capture a transient shear-banding phenomenon that develops on very long timescales for very old samples. Including the effects of wall roughness into such a model appears as the next step towards more quantitative comparisons with the experiments.
C. Exponents of the power-laws for σm vsγ Finally, the power-law dependence of the stress overshoot maximum with the shear rate raises three remaining open questions. (i) What are the reasons for the discrepancies between the experimental values of the exponent ν observed here for carbopol gels (0.13 < ν < 0.26) on the one hand, and the theoretical exponent closer to 0.5 observed for both a fluidity model [19] and Brownian dynamics simulations [32] on the other hand? (ii) What is the origin of the difference between the power-law increase of σ m reported in this article and the logarithmic behaviour observed in binary Lennard-Jones mixtures under shear [23, 24] ? In the latter case, it would be interesting to test the relevance of weak power laws to describe the evolution of the stress maximum with the strain rate. (iii) What is the control parameter for the value of the exponent ν measured in the experiments? Is this value characteristic of the underlying microstructure, with attractive systems leading to larger exponents than repulsive ones [19, 21] ?
IV. SUMMARY AND OUTLOOK
The stress overshoot is a widespread phenomenon observed in various systems. In this article, we have reported an extensive data set on the stress overshoot in a simple yield stress fluid during start-up experiments under imposed shear rate. The local scenario of the stress overshoot phenomenon is as follows: (i) at small strains (γ 1), the microgel undergoes homogeneous deformation hinting to elasto-plastic behaviour; (ii) the maximum stress σ m corresponds to the failure of the microgel and to the nucleation of a thin lubrication layer at the moving wall; (iii) the microgel then experiences a strong elastic recoil and enters a regime of total wall slip while the stress decreases. This scenario is true for both rough boundary conditions for all explored shear rates (10 −4 <γ < 10 s −1 ) and for smooth BC at high enough shear rates (γ >γ s ). In this latter case, the local scenario is modified at low applied shear rates (γ <γ s ): failure occurs at smaller strains and slippage may be observed at both walls together with fluctuating stress responses reminiscent of stick-slip behaviour.
We have shown that the stress maximum σ m reached during the overshoot is roughly constant at low applied shear ratesγ <γ w and increases as a weak power law foṙ γ >γ w , whereγ w scales as the inverse of the waiting time t w between the preshear and the start of the experiment. Such a dependence is very robust over a large range of carbopol concentrations and boundary conditions. The exponent ν only slightly depends on the batch preparation and on the carbopol concentration. However, it seems to depend significantly on the boundary conditions and its value ranges from 0.13 to 0.26 over the range of parameters explored in the present study.
Future work will deal with both surface and bulk behaviours of carbopol microgels in the limit of very low applied shear rates under smooth boundary conditions. Indeed, the erratic nature of the stress response in these conditions [see Fig. 11 (b) ] still remains to be fully elucidated. In particular, it would be of great interest to locate plastic rearrangements in the bulk and to correlate them with stress fluctuations, so as to disclose the analogies and the differences between such a stick-sliplike behaviour and the one observed in recent numerical simulations of Lennard-Jones amorphous solids [95, 96] .
The fact that such complex temporal behaviours arise for applied shear rates lower than that where the steadystate flow curve presents a kink attributed to wall slip [see Fig. 12(c) ] also certainly deserves further investigation. Finally, the differences between the stress overshoot reported here and that observed in viscoelastic polymerlike solutions remain to be fully understood. In particular, we have shown that in our carbopol microgels shear banding sets in over timescales much longer than that of the stress overshoot, while in polymer solutions and melts, the duration of the transient shear-banding regime is of the same order as the stress overshoot duration. In both cases, a complete microscopic interpretation is still needed.
